Abstract Wheat is fundamental to human civilization and has played an outstanding role in feeding a hungry world and improving global food security. The crop contributes about 20 % of the total dietary calories and proteins worldwide. Food demand in the developing regions is growing by 1 % annually and varies from 170 kg in Central Asia to 27 kg in East and South Africa. The developing regions (including China and Central Asia) account for roughly 53 % of the total harvested area and 50 % of the production. Unprecedented productivity growth from the Green Revolution (GR) since the 1960s dramatically transformed world wheat production, benefitting both producers and consumers through low production costs and low food prices. Modern wheat varieties were adopted more rapidly than any other technological innovation in the history of agriculture, recently reaching about 90 % of the area in developing regions. One of the key challenges today is to replace these varieties with new ones for better sustainability. While the GR "spared" essential ecosystems from conversion to agriculture, it also generated its own environmental problems. Also productivity increase is now slow or static. Achieving the productivity gains needed to ensure food security will therefore require more than a repeat performance of the GR of the past. Future demand will need to be achieved through sustainable intensification that combines better crop resistance to diseases and pests, adaptation to warmer climates, and reduced use of water, fertilizer, labor and fuel. Meeting these challenges will require concerted efforts in research and innovation to develop and deploy viable solutions. Substantive investment will be required to realize sustainable productivity growth through better technologies and policy and institutional innovations that facilitate farmer adoption and adaptation. The enduring lessons from the GR and the recent efforts for sustainable intensification of cereal systems in South Asia and other regions provide useful insights for the future.
Introduction
Wheat is a crop that is fundamental to human civilization. Between 8 and 10 thousand years ago, in the earliest permanent agricultural settlements of the Fertile Crescent, farmers developed bread wheat from emmer and einkorn grasses (Smith 1998) . It is now the most widely cultivated cereal in the world with more than 220 million ha planted annually under wide ranges of climatic conditions and in many geographic regions. Depending on agro-climatic conditions, about 670 million tons are produced annually. Consequently, wheat is one of the most important crops for global food security. Wheat production is split roughly equally between the developing and developed world, although production methods may differ. The developing regions (including China and Central Asia) account for roughly 53 % of the total harvested area and 50 % of the production. Yields are about 14 % higher in the developed world mainly because rainfed yields are very low in Central Asia. If one excludes Central Asia, yields in the two regions are similar (around 3 t/ha) mainly because nearly all wheat produced in developing countries is irrigated while wheat produced in developed countries is mostly rain-fed (Table 1 ). The unprecedented growth in the productivity of wheat achieved through the Green Revolution in many developing regions (e.g. South Asia, South East Asia, West Asia, North Africa and Latin America) has helped overcome famines and has saved millions of lives. Because of this, wheat is often described as the 'miracle crop' of the last century. The dramatic growth in productivity was made possible through technological achievements in developing the semi-dwarf, high yielding varieties and favorable policy and institutional support in ensuring farmer access to new seeds, fertilizer, markets and irrigation infrastructure. This has made significant contributions in reducing hunger and poverty (Datt and Ravallion 1998; Fan and Hazell 2001; Evenson and Rosegrant 2003; Renkow and Byerlee 2010) .
Wheat, together with rice, are premier products of publicly funded, international plant breeding research. Without what is now referred to as the Green Revolution in the agriculture of developing countries, it is generally acknowledged that there would be large food deficits today. The principal manifestation of the Green Revolution was the development and diffusion of short-strawed, fertilizerresponsive varieties of wheat and rice in the 1960s and 1970s, generally bolstered by subsidized delivery of inputs, guaranteed and higher wheat prices for farmers, and associated public investments in irrigation, land reform and infrastructure. Initially targeted to the irrigated areas in Asia, public investments in wheat research led to "a quantum leap in crop yields, but neglected rain-fed and marginal lands" (Pal and Byerlee 2005: 177) , though high-yielding varieties diffused gradually across many rain-fed environments in South Asia and elsewhere, including Turkey, Iran, Argentina, Brazil, and South Africa.
Early improved varieties spread rapidly over high potential production areas, which led to widespread adoption in South Asia, especially in irrigated areas, followed by rainfed areas of Latin America, West Asia and North Africa. This boosted average yields during 1966-79 by 3.6 % per annum in developing countries. This level of productivity growth, however, was not sustained; it slipped to 2.8 % per annum during 1984-94 and dropped to 1.1 % during 1995 (Dixon et al. 2009 ). By the 1990s, evidence was Table 1 Average annual wheat area, production, yield and recent growth rates
Region
Average area, production and yields (2008) (2009) (2010) Average annual growth rates FAOSTAT online database, 30 Dec. 2012 a Growth rates computed using the OLS regression method. The average annual growth rates were dropped mainly due to large growth in 2003 (17 % in area, 120 % in yield and 158 % in production) which affected the average annual growth rates accumulating in Asia that the impacts of technical change were uneven across different agroecological areas and that the poor outside irrigated areas had not benefited fully from the increases in productivity. A "farming systems" movement was, in part, a response to recognition that farmers in diverse, risk-prone areas could not take advantage of standardized packages of practices (Tripp 2006) . Meanwhile, better off farmers in the irrigated areas were beset by stagnating yields and environmental problems (Byerlee and Siddiq 1994; Ali and Byerlee 2001) , such as salinity and waterlogging. These have been of concern for food security in many developing regions where wheat is the major staple crop. Even more disconcerting are the implications of climate change for wheat throughout the developing world. Lobell et al. (2011) showed that rising temperatures since 1980 have already lowered wheat yields by 5.5 %. No other major staple crop is expected to suffer production losses as severe as those projected for wheat owing to rising temperatures, particularly night time temperatures in low-latitude countries (Ortiz et al. 2008; Lobell et al. 2011) . Climate change induced temperature increases are estimated to reduce wheat yields in irrigated systems by 5.3 to 7.4 % in developing countries and by 0.1 % in the developed countries (Nelson et al. 2010) . Extreme day-time temperatures at anthesis in high latitudes are predicted to represent particular threats to wheat yields (Semenov and Shewry 2011) . Wheat production will also suffer from the effects of falling irrigation water supplies, declining soil fertility, and threats from emerging diseases. Wheat farming systems, particularly those in South and West Asia and North Africa, are projected to suffer most from heat stress and water scarcity due to climate change. With increasing drought incidence and water scarcity, wheat is likely to be grown increasingly under rainfed conditions, since among the major staple crops it is the most drought tolerant and water use efficient (Ortiz et al. 2008 ). This will escalate the risks faced by farmers and expose consumers to extreme price fluctuations. At the same time, farmers can expect sharp increases in the price of fertilizers, driven by rising costs for fossil fuels and depleting reserves of phosphorus and potassium (Cordell et al. 2010) .
Slowing productivity growth, caused by biotic and abiotic stresses, is further complicated by changing consumption patterns and the growing demand for wheat. Demand for wheat in the developing world is projected to increase and quality-differentiated demand for wheat products will place new demands on market channels; greater economic integration will also shift the directions and volumes of trade. Demand for wheat has been increasing in many countries including those of the African continent and is projected to grow by 2.6 % per annum until 2020. The demand in the developing world is projected to increase 60 % by 2050 (Nelson et al. 2010) . Except in a few developing countries, the demand for wheat is being met increasingly through imports; wheat now accounts for the largest food import (43 %) to developing countries (Dixon et al. 2009 ).
Future food security in densely populated countries with fast growing populations and countries that rely on imports of wheat therefore depend on reversing stagnating productivity and addressing the threats from climate change. Achieving the productivity increases needed to ensure regional and global food security will therefore require more than a repeat performance of the Green Revolution, because conditions have changed since the 1960s. Short term productivity growth alone will neither provide the solution to the challenges of climate change nor ensure long term food security for growing populations. A different type of Green Revolution which is based on the principles of sustainable intensification of agro-ecosystems is now called for in order to reverse productivity decline, increase resilience against climate change and bring benefits to areas that did not gain much from productivity growth in the past. The spread of new varieties particularly needs to go hand in hand with sustainable management practices to prevent the worsening water scarcity and soil degradation: these prevent farmers from realizing the benefits of new technologies and create disincentives for their adoption. Greater investment in research, institutional innovation, functioning markets and policies for replacement of outdated cultivars with modern ones will be required (Byerlee and Traxler 1995) . In addition, stimulation of farmer investment in sustainable crop, soil and water management practices will be needed.
This article aims to increase awareness of the importance of wheat for global food security and of the current and future challenges to be addressed if the production required to meet the increasing demand for feeding growing populations is to be achieved sustainably. It is hoped that such information will contribute to current debates and appropriate choices of policies and actions required to enhance current and future food security in wheat as a major food staple. The paper is organized as follows: in Section "Role of wheat for global food security" we analyse the role of wheat for food, nutrition and livelihood security by examining the importance of wheat in the growing demand for food at the regional and global levels. Section "Historical patterns in wheat production and productivity" highlights the historical patterns of productivity change in wheat and future trends. Section "Constraints to productivity growth" looks at the constraints to productivity growth in terms of biotic and abiotic stress and the challenges for breeding better varieties. The vulnerability of wheat to climate change and its potential impact is addressed in Section "Vulnerability to climate change". Section "Future technology options" presents the future technical options for overcoming biotic and abiotic constraints to production. Section "Technology targeting and adoption" outlines the current knowledge on adoption of wheat technologies and constraints in delivering better varieties, inputs and services to farmers. We conclude in Section "Conclusions" by highlighting the key lessons and action points for policy-makers, researchers and development practitioners.
Role of wheat for global food security
As in the Fertile Crescent 8-10,000 years ago, wheat is a mainstay of today's human diet. It contributes about onefifth of daily calories and protein, which is substantially more than maize (Table 2 , last two columns). Maize contributes about 5 % of the dietary calories and 4 % of the proteins, while rice contributes about 19 % of the calories and 13 % of the proteins at the global level (not shown). In developing countries, wheat provides about 18 % of daily caloric needs, as compared to 19 % globally and 21 % in high income countries.
1 Wheat is also the world's most important protein source and provides on average about 21 % of the daily dietary protein intake. When one looks at the contributions from total cereal consumption, wheat accounts for about 41 % of the calories and 50 % of the proteins. These shares increase to about 75 % and 81 % for cereal-based calories and proteins, respectively, in the developed regions while it accounts for 35 % and 44 % for the developing regions (Fig. 1 and Table 2 , column 2 and 3). The highest annual per capita food demand for wheat is in Central Asia (171 kg) followed by North Africa (165 kg), West Asia (122 kg), and Eastern Europe and Russia (120 kg). In Central Asia, wheat provides about 47 % of the daily calories and proteins while it contributes 40-43 % of the same requirements in North Africa and West Asia. Wheat also remains a major source of dietary calories and proteins in Eastern , and South Asia (20-24 %) and high income countries (20 %). In countries where wheat is among the top three food crops, wheat is an especially critical component of the diet for the approximately 2.5 billion poor people who live on less than US$2/day, (of whom most are women and children). The highest level of dependence on wheat as the main source of cereal calories and proteins is found in Central Asia (89 and 91 %), Eastern Europe and Russia (81 and 84 %), Australia (78 and 85 %), West Asia (78 and 84 %), North America (73 and 80 %), North Africa (66 and 71 %) and other high income countries (70 and 79 %). In these regions, wheat accounts for over three-quarters of cereal intake.
The available data indicates that the growth rate in per capita food demand globally declined from 1.28 % during the 1970s to 0.49 % during the 1980s, 0.04 % during the 1990s and −0.38 % during the 2000s. Per capita wheat consumption growth rates (for food as distinct from animal feed) particularly declined in higher income countries, growth rates becoming negative during one or both of the last two decades in: Australia, North America, Eastern Europe and former Soviet Union, the Southern Cone of Latin America, Mexico and Central America, West Asia, and East Asia. However, growth rates seem to be increasing again in the Andean region, Southern Cone of Latin America, Western Europe and Australia (Table 3) . Compared to the high growth rates in the 1970s, wheat per capita demand growth rates for food seem to have declined globally at the level 0.38 % per year during the past 10 years. This indicates that consumers are diversifying consumption as income and urbanization grows, especially in developing regions.
2 Despite the slowing per capita growth rates, it should be noted that per capita demand for wheat as food has doubled in the developing regions from about 30 kg in the 1960s to about 60 kg during the last decade. Globally, per capita demand has grown from 54 kg to about 64 kg during the past half century. The declining global per capita demand also hides the significant growth in total demand for food especially in the developing regions driven by population, income growth and changes in dietary preferences. The demand for food in the developing regions (not shown) increased annually by 5-6 % in the 1960s and 1970, 3 % in the 1980s, 2.5 % in the 1990s and 1 % in the last decade. As a result, food demand for wheat in the developing regions has increased by more than five-fold since 1960, i.e., 60 million tons in 1960 to 321 million tons in 2009. The total food demand has not, however, grown significantly in the developed countries during the recent decades (average growth was about 0.25 % during [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . At the global level, food demand has grown by about 0.82 % annually during the recent decade. It is also important to note the growing per capita demand for wheat in Sub-Saharan Africa and Central Asia. In the sub-Saharan African regions, wheat demand has grown by 2 to 3 % per year during 1961-2009 mainly fuelled by growing urbanization and income growth. This has prompted many sub-Saharan countries to increase wheat imports, which reached some 15 million tons by 2012.
In addition, the total global demand for wheat has almost quadrupled since the 1960s and doubled over the four decades since 1980 to 635 million tons in 2009. About twothird of the demand for wheat comes from the developing regions. Since the 1970s, the total demand in the developing regions has more than tripled to about 390 million tons. This compares with the more than tripling of global demand for maize to 770 million tons and the more than quadrupling in the developing regions to 430 million tons during the same period ). The total global annual demand for wheat has grown at an average rate of about 2.24 % per year since 1960s but slowed to about 1 % in the last decade (Table 4) . During the recent decades, total demand (all uses) has grown annually by about 1.4 % in the developing regions and 0.7 % in the developed regions. The total demand seems to be growing fast in new regions including Eastern and Southern Africa (5.8 %), West and Central Africa (4.7 %) and South Asia and Pacific (4.3 %). From the traditional wheat growing regions, demand growth rates are highest in Central Asia (5.6 %), Australia (2.6 %) and North Africa (2.2 %). Wheat dominates world trade in agricultural commodities, with an imported volume of 144 million tons and total value of $36 billion in 2010. This compares with 107 million tons imported for maize and 31 million tons for rice during the same period, with a total trade value of about $26 billion and $20 billion, respectively. The economic dependence of developing nations on wheat is indicated by the fact that it is their single largest food import and it is an important share of emergency food aid (Dixon et al. 2009 ). Annual net imports by developing countries during 2008-2010 averaged about 83.7 million tons of wheat (Fig. 2) , which compares with 33.3 million tons for maize and −1.8 million tons for rice.
3 Most of the larger producers such as India and China are largely self-sufficient and do not normally participate in international markets, except in abnormal years. Most of the countries in Africa, West Asia and SE Asia are net importers of wheat. The major exporters are US, Canada, Australia, Argentina, Ukraine, Kazakhstan and Russia. Historically, crop failure, high bread prices, and ergotism (a poisoning effect due to contamination by fungus-infected grain that is consumed when clean wheat is not available) have been cited as causes of the French Revolution (Hibbert 1980) ; and in modern times urban riots sparked by the wheat price hikes of 2007-8 (such as those recently experienced in the 'Arab Spring' in North Africa and the Middle East) demonstrates the continued political significance of wheat (Trego 2011) . Wheat prices, like maize and rice, have remained stable since October 2011 but since June 2012 appear to be rising again. 4 Overall, people in developing countries consumed an average of 70 kg/per capita/year in 2005-2009, of which 84 % was consumed directly as food and only 6 % as feed, as compared to 190 kg/per capita/year in higher income countries, with a food share of only 50 % and 38 % consumed as feed (Table 5) . At the global level wheat is mainly used for food (71 %) and less than 20 % is used for feed. However, wheat demand for feed is highest in regions where maize is not widely grown (e.g. Australia, 54 %) and seems to be increasing further as the narrowing price differentials with maize imports make domestically grown wheat more competitive for livestock feed (Table 5 ). The highest annual total per capita demand for wheat is in developed countries where more than a third of the wheat demand is used as feed for livestock. This ranges from 308 kg in Australia to 257 kg in Eastern Europe and Russia to 189 kg in Western Europe 3 The developing world is a net exporter of rice. In 2010, developing countries exported 26 million tons and imported 24.2 million tons which accounted for 80 % of the global rice export and imports. 4 Prices for food staples went up during the second half of 2010 but started declining during 2011 but rising again in 2012. It is yet to be seen whether these rising price trends will be sustained during 2013. This new upward trend seems to be triggered by adverse climatic conditions (e.g. heat waves in the US grain belt, falling harvest prospects in Russia and Ukraine and delayed monsoons in the traditional wheat growing areas of South Asia). Table 3 Average annual percent growth rate of wheat consumption per capita as food (1961 ( -2009 ( ) Region 1961 ( -1970 ( 1971 ( -1980 ( 1981 ( 1991 ( -2000 ( 2000 ( -2009 ( 1961 ( -2009 and other high income countries. In North America total annual demand is about 120 kg per capita, of which about 70 % is used for food, 20 % for feed, and about 10 % for industrial processing and other uses. 5 Among the developing countries, Central Asia has the highest per capita demand (322 kg) but more than half is used as food and about a quarter used as feed, and the remaining balance used as seed and for industrial processing. About a third of the people living in Central Asia and the Caucasus survive on less than 2 USD/day, and they depend heavily on wheat for daily calories. Wheat also plays a major role in food security in North Africa (201 kg/capita) and West Asia (155 kg/capita: Table 5 ). The numbers of those living on under 2USD/day are much greater in North Africa and the Middle East because of higher population densities, and they also depend heavily on calories from wheat. Over 90 % of the wheat consumed in South Asia is used as food, especially in Pakistan, Afghanistan and north India. Although a much larger number of people live in poverty (less than 2 USD/day) in South Asia, wheat is also very important in East Asia where 84 % is used as food (Table 5 ).
The structure of wheat demand is changing as wealthier populations consume more animal products (Pingali 2007) and as more urban populations choose easy-to-prepare, more refined wheat products over coarse grains and traditional staples (Dixon et al. 2009; Lobell and Burke 2010) . Although most of the wheat in the developing world will continue to be consumed as food, preferences for the type of food products will become increasingly differentiated. Meng et al. (2009) report that the share of flour used for noodles and steamed bread is projected to decrease in China, with an increase in the share of western bread products, along with shifts to end-uses associated with convenience and "higher" quality. Similar patterns have been observed throughout Asia, North Africa and Latin America. The demand for certain high-value end uses including flour, pasta, and bakery products is expected to grow significantly. At the same time, increased industrial processing of traditional foods like chapatti and kuskus will require supplies of consistent and high quality grain. Breeding wheat with specific quality characteristics has the potential to add economic value, but realizing this potential requires investments in quality standards and institutional capacity to differentiate products in value chains. Except in a few developing countries, the demand for wheat is being met increasingly through imports. 5 Globally, about 12 % of wheat is used for uses other than food and feed. The properties that make wheat suitable in food products and starch also make wheat useful in non-food and industrial applications. Wheat gluten is unique due to its ability to be elastic, bind water and form films that can be stabilized with heat. These properties render wheat gluten useful for the preparations of adhesives, coatings, and polymers. Wheat is also used in making paper, cosmetics and pharmaceutical products. Table 4 Average annual total wheat demand growth rates (%) 1961-1970 1971-1980 1981-1990 1991-2000 2001-2009 1961-2009 Finally, when exploring future trends, consideration could be given to the fact that animal feed demand shifts among protein sources depending on availability, quality and prices. The proportion of soya, wheat, barley and maize fed to animals varies each season, rendering accurate prediction of future demand difficult.
Region

Historical patterns in wheat production and productivity
Beginning in the 1960s, the development and diffusion of high yielding, short-statured, fertilizer-responsive varieties of wheat, combined with expanded use of fertilizers and irrigation, led to dramatic yield increases in irrigated areas of Asia. This was followed by technological change in the rain-fed wheat-growing areas of Asia and Latin America and, more slowly, in the drier zones of the Middle East, North Africa, and Sub-Saharan Africa, where government policies were less supportive than they had been in Asia.
About 50 % of all wheat worldwide is now planted to the semi-dwarf varieties emanating from the international, collaborative plant breeding system of CIMMYT and national research institutions, reaching 89 % in South Asia, 80 % in West Asia and North Africa, 95 % in Latin America and 90 % for all developing regions (Lantican et al. 2005; Rejesus et al. 1999) . The impacts of these varietal changes were startling. Global production showed a dramatic annual growth of about 4.4 % during the first decade (1960-70) of the Green Revolution, about 4 % during the following decade, 3.2 % during the third decade, stagnated during 1990-2000 and grew by 1.27 % per annum during the last decade (2001-10). As a result, global production expanded from 222 million tons in 1961 to 674 million tons in 2008-10 ( Fig. 3) .
6 Across Asia from 1961 to 1970, total wheat production grew on average by 8.3 % per year in South Asia, 8.5 % in East Asia, and 8.6 % in Mexico and Central America. This was sustained further during the following decade when wheat production annually increased by 5 % in South Asia, 7.4 % in East Asia, 5 % in West Asia and 2.7 % in Mexico and Central America (Table 6 ). By 1990, Byerlee and Traxler (1995) calculated that the economic surplus attributable to international wheat breeding efforts was 3.2 billion USD per year (at 2002 USD value). Based on 1997 data, the additional wheat production in developing countries directly attributable to international wheat breeding efforts ranged from 17 to 33 million tons per year, worth the equivalent of 2.0 to 4.0 billion USD (values converted to 2002 value). Using the 2002 data, Lantican et al. (2005) estimated that the additional amount of wheat produced in developing countries that is attributable to international wheat breeding research ranged from 13 to 41 million tons per year, with a value of 2.0 to 6.1 billion USD per year (2002 value) .
Steady growth in world wheat production during the 20th century was due to both area expansion and yield increases, but these differed by region (Fig. 4) . From 1966, yield was a more important source of production growth than area in most regions. Annual growth rates in wheat yield were positive overall in each region from 1961. Except in West Africa, where wheat is a new crop, the much higher growth rates of yield than area demonstrate the outstanding contribution of research during the past half century. The political changes in the 1990s in Eastern Europe and the former Soviet Union caused a partial collapse of the agricultural sector and therefore comparisons including the 1990s have to be interpreted very carefully. Result are sensitive to the countries included and the years used as endpoints (Aquino and Carrión 2009; Rejesus et al. 1999) .
The global wheat area peaked in the early 1980s, reaching about 240 million ha, declining gradually until the spike in wheat prices in 2007-8 (Fig. 5) . At the global level, the wheat area grew at an average rate of 0.24 % in the 1960s, 1.34 % in the 1970s, −0.23 % in the 1980s, −0.68 % in the 1990s, and 0.12 % during the recent decade (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . Wheat area represented an average of about a third of the cereal area and 27 % of the production worldwide from 2007 to 2009. Except for the Andean Region, North America and parts of Western Europe, area growth rates remained positive among regions from 1961 to 1970. During the 1970s, area declined in Sub-Saharan Africa, in Mexico, the Andean Region, Eastern Europe and the former Soviet Union and Western Europe. From 1980 and into the 1990s, the wheat area approached its limit in South Asia and growth rates became negative in East Asia, Eastern and Southern Africa (due to area decline in South Africa) and high income countries, remaining negative in many countries of Eastern Europe and the former Soviet Union (Aquino and Carrión 2009 ). In recent years, wheat area has declined significantly in major wheat-producing countries such as the US and China as farmers have shifted to higher value crops, in particular maize (to meet increasing feed and biofuel demand) and soybean (Dixon et al. 2009: 3) . Wheat area in the US has decreased from about 30 million ha throughout the 1990s to 22-24 million ha in recent years. This indicates that except in a few places where area growth may still be possible (see Section "Constraints to productivity growth"), physical expansion will not be the main source of supply of growth at the global level.
Over the past five decades, world wheat yields have grown at an average rate of 2.24 % per annum since 1960. Wheat yields have grown at average rate of 2.8 % in developing countries, more than the rate achieved by higher income countries (2.2 %) ( Table 7) . As a result of the faster productivity growth, the average yield levels in the developing and developed regions in recent years are almost the same (Fig. 6 ).
7 India, Pakistan, Argentina, Iran, Ukraine, China and Kazakhstan accounted for about 41 % of total wheat area and production in 2008-2010. Among developing countries, the greatest yield growth was attained in East Asia (reflecting China, primarily), North Africa, South Asia (reflecting India, in particular), West Asia and Eastern and Southern Africa, primarily in Ethiopia and South Africa. The Andean Region of South America and West and Central Africa are at the other extreme ( Table 7) .
The significant jump in productivity in the post 1960s period signals the effect of the Green Revolution on yield levels and growth rates in the developing countries. Average wheat yields differed dramatically between developed and developing countries before the Green Revolution (from 1951 to 1966), when they grew at an average of 2.2 % per annum in developed countries and only 0.9 % per annum in developing countries (Aquino and Carrión 2009) . The average annual growth rate in yields jumped to 3.6 % in developing countries during the Green Revolution (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) , dropping to 2.8 % from 1980 to 94 and about 1 % in the most recent decade (Aquino and Carrión 2009; Fischer et al. 2009 ). Turning points on growth rates are visible in both developing and industrialized countries at about 1990.
The growth rate of yield both before and since the Green Revolution has lagged behind that of population, although constrained purchasing power among poorer consumers Computed by authors based on FAOSTAT online database, 30 Dec. 2012 means that rates of growth in effective demand may also have lagged behind population growth. Dixon et al. (2009) have offered several explanations for the lagging growth of yield. Along with problems related to resource degradation, real international wheat prices have declined until very recently (Fig. 7) . Private sector investments rose slowly; oil prices drove up the cost of fertilizer and pumping irrigation water; droughts became more frequent in countries such as Australia; and quality of irrigation water and soils worsened. Wheat prices spiked in 2007 when climatic conditions worsened in Australia, Canada and China and demand for crops to convert into biofuels soared in the US and Western Europe. The latter diverted land areas to maize and canola production. Global wheat stocks fell to 125 million tons, the smallest amount since 1981 (USDA/ERS 2011).
In addition to improvements in average yields, unlike in some other cereals, the variability of world wheat production declined as average production rose from the 1960s to the 1970s (Hazell 2010) . In South Asia, wheat yields became more stable as mean yields increased (Singh and Byerlee 1990 ). Most recently, based on a comprehensive data set of wheat adoption rates by country from 1960 to 2000, Gollin (2006) found a "striking decline" in the variation of wheat yields relative to yield levels over this entire period for developing countries. Although causality cannot be attributed to wheat research, the author's analysis confirms a negative correlation between use of modern wheat varieties and the variability of wheat yields, even when use of irrigation and other inputs are taken into account. This indicates that modern varieties reduced yield variability from year to year and therefore contributed to reduction of risk and vulnerability of farmers.
Constraints to productivity growth
Stark differences in productivity characterize today's wheat farming systems, reflecting agro-ecological variation and input use. Although average yields are slightly higher in the developed countries, more than 95 % of wheat produced in these countries is rain-fed (Dixon et al. 2009 ). On the other hand, about 90 % of all irrigated wheat globally is produced in developing countries and nearly 60 % of wheat in these countries is irrigated, particularly in South Asia (India, Pakistan, Bangladesh and Nepal), West Asia (Iran and Afghanistan), Central Asia (Uzbekistan, Turkmenistan, Kyrgyzstan, Tajikistan and southern Kazakhstan), North Africa (Egypt and Sudan), China and Mexico (Sayre and Govaerts 2009). National average yields among rain-fed producers range from 0.9 t/ha in Kazakhstan to about 9 t/ha in Ireland, Belgium and the Netherlands (Dixon et al. 2009 ). Production costs also vary widely, even within major producing countries. For example, data from the most recent Agricultural Resource Management Study in the US shows costs of producing wheat per hectare and per tonne varied greatly among wheat growers, reflecting differences in agronomic practices and yields. A low proportion of producers covered all their costs raising questions about the viability of many (Ali and Vocke 2002) . More than a decade ago, it was evident that expansion in land area sown to wheat would no longer contribute significantly to future increases in wheat production; future increases in productivity would rely almost exclusively on the use of inputs by farmers and technological advances (Rejesus et al. 1999 ). That conclusion remains valid unless investment in irrigation can be expanded to bring new land into production, although there is some evidence of unexploited land potential. Considering 2005 prices, and areas not currently cultivated or forested and within six hours to the nearest market, a recent study by the World Bank found about 71 million ha of additional land suitable for wheat production (Deininger et al. 2010 ). Most of this land (in million ha) is found in Europe and Central Asia (39.5), followed by Latin America (11.0), Sub-Saharan Africa (3.8), the Middle East and North Africa (2.6), and in East and South Asia (1.1), with the remainder scattered elsewhere. The Russian Federation and Argentina stand out in terms of uncultivated land areas that are suitable for wheat production. Little land appears to be available among other current producers, but Deininger et al. (2010) argue that for many countries with expansion potential, and for some large producers, the scope for increasing yields is considerable. With yields of under 1 t/ha, Kazakhstan cultivates 13 million ha of wheat and has an additional 2.8 million ha potentially available for expansion.
The costs of two of the most important physical inputs for wheat production-water in developing countries and fertilizer globally-are rising and expected to continue to rise as fossil fuels and water become increasingly scarce. Growth in irrigated wheat area began to slow during the 1980s in India due to water constraints but reached 100 % area under irrigation in the Yaqui Valley of Mexico. Other major exporters, such as North America, Argentina, Australia, and Europe grow rain-fed wheat. Although estimates suggest that wheat is the most water use efficient of the world's three major cereals, the variation in water use efficiency in wheat ranges from 700 to 5,000 l to produce 1 kg of grain (Dixon et al. 2009 ). For this reason, experts predict that irrigation water will be used more in the future for high value crops, and the locus of wheat production will shift to more extensive rain-fed systems, especially in Kazakhstan and Russia and the Southern Cone of Latin America (Dixon et al. 2009 ).
Analyzing data from the International Fertilizer Association, Heisey and Norton (2007) found that wheat is the largest single crop for use of fertilizer, consuming 16.7 % in developing countries, 24.1 % in transitional, and 20.2 % in industrialised countries, or 18.1 % worldwide. Data indicate that application rates are similar across these groups, however, with an average of 127 kg of nutrients per ha planted. Rates are considerably higher in China and Western Europe, where policies support intense input use. Application rates are closer to the world average in India and other wheat growing countries in Asia, in Canada, Latin America and the US, and are lowest in the Middle East, North Africa, and Sub-Saharan Africa but with great differences in Nitrogen Use Efficiency (NUE). This is 50 % less in China, India and Pakistan than Europe or the US (Table 8) . However, among a sample of countries surveyed by CIMMYT (Aquino and Carrión 2009) , fertilizer costs (USD/ha) incurred by farmers are highest in Rwanda, Zambia and Madagascar; lowest in Mongolia, some countries of Central and South Asia and the Asian subcontinent as well as under minimum till conditions in Argentina. The nitrogen to grain price ratio, a more complete indicator of incentives to use fertilizer, has long been high in countries of Sub-Saharan Africa mainly due to high transport costs for imported inputs, but also in the Southern Cone of Latin America (Rejesus et al. 1999: 14; Aquino and Carrión 2009) . The consensus view has been that over much of South Asia, diminishing marginal returns to increased fertilizer application were already apparent in the late 1980s (Byerlee 1992) . In the US and Europe, improved nitrogen management rather than increased nitrogen use has been recommended since the early 1990s.
Agrochemicals appear to represent a larger cost burden for farmers in Western Europe than for farmers in other regions of the world. For example, data analysed by Oerke and Dehne (2004) show expenditure on various chemical 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 Nominal Real crop protection products for major crops approached 100 USD/ha in West Europe, (most of which is herbicides and fungicides) compared to slightly over 40 USD/ha in North America (most of which is herbicides) followed by around 30 USD/ha in the Far East, less in Latin America (under 10 USD/ha) and in the countries they group under Eastern Europe and lowest in the rest of the world. However, the data on which they base their estimates are from 1998 sources.
In general, and specifically in developing countries, less pesticide (fungicides, insecticides) is applied to wheat than many other crops, although herbicides are more widely used. Among developing countries, China is known to be a heavy consumer of pesticides. Singh et al. (2003) reported that India is the second largest manufacturer of pesticides in Asia. Pesticide use in India is also highly skewed towards cotton (40 %), followed by rice (14 %) and vegetables (8 %). Wheat consumes 6 %, followed by pulses and tea (Singh et al. 2003: 211) . Lower pesticide use in developing countries reflects a long-standing focus on breeding for genetic resistance to wheat pests and diseases. For example, CIMMYT's Global Wheat program spends close to 50 % of its investment in wheat improvement on breeding for improved disease resistance.
Biotic constraints
Biotic constraints for wheat production include economic losses from diseases caused by various pathogens, insects and weeds. Although weeds are the most important pests of wheat, the incidence and impact of pathogens such as the rusts increase with cropping intensity, monocropping and uniformity in the genes conferring resistance among the varieties grown. Losses vary considerably by region, and the devastating losses from wheat rust in India were a motivation for early plant breeding. Rust epidemics causing losses exceeding 50 million USD per annum occurred during the last decade at least once in all major wheat growing countries where fungicide application is not a routine practice. (1993, 1994, 2005) , the Southern Cone of Latin America (several during the last two decades), Syria (2010), Turkey (1992 Turkey ( , 1996 , USA (1993 USA ( , 2000 and Uzbekistan (1998 Uzbekistan ( , 2009 Uzbekistan ( , 2010 . A particular concern is the threatening emergence (in Uganda) of a new strain of stem rust referred to as Ug99 (Singh et al. 2011) .
Under current pest and disease control practices, annual losses to pathogens, pests, and viruses in developing countries are estimated at 13 % (Oerke 2006) , equivalent to 45 million tons of wheat per year, valued at about 9 billion USD in 2006 prices. Climate change and globalization come with new risks of pest and disease outbreaks (Legrève and Duveiller 2010) . Post-harvest losses and deterioration in quality are significant and are additional risks for food security particularly in developing countries lacking adequate infrastructure for grain storage.
8 Food safety should also not be underestimated as pre-harvest mycotoxin contamination due to deoxynivalenol (DON) produced by Fusarium species may increase in warmer humid areas where wheat is grown after maize under reduced tillage. This affects the wheat value chain and reduces incomes for farmers besides increasing the risks to human and animal health (Duveiller et al. 2007) .
Among all wheat diseases, the three rusts caused by the Puccinia triticina (leaf rust), P. striiiformis (yellow rust) and P. graminis (stem rust) are the most important. These pathogens have a high reproductive rate, spread over long distances in short time periods, and evolve new pathotypes rapidly. This is a threat to food security if susceptible varieties are grown in areas where access to chemical protection is either unavailable or not affordable (Duveiller et al. 2007 ). Although major epidemics of leaf rust have been averted in recent decades through breeding for durable resistance, the emergence of the stem rust Ug99 lineage in East Africa and its spread to other countries in Africa and Asia demonstrates that biotic stresses must not be overlooked. Ug99 has been recognized as a major China  197  4489  23  192  6422  33  180  5378  30  India  117  2619  22  106  3302  31  45  1907  42  Pakistan  140  2519  18  146  3318  23  123  2906  24  EU-15  135  5911  44  125  6693  54  227  8723  38  US  86  2603  30  163  8019  49  152  9360  62  World  97  2825  29  101  4211  42  98  4429  45 threat to global food security because of the susceptibility of 90 % of the wheat varieties grown worldwide (Singh et al. 2011) . The spread in recent years of strains of yellow rust virulent on varieties carrying the Yr27 gene in west and central Asia is another example illustrating that there is a need to guard against complacency if a food crisis is to be avoided, in particular in times of increasing cereal prices and market uncertainties. Early rust epidemics are particularly feared by farmers as they may cause yield losses of 50 % to 100 % (in the case of stem rust). Identification and transfer of new sources of resistance in broadly-adapted high yield wheat genotypes are underway as a result of significant research investment through The Borlaug Global Rust Initiative; the replacement of susceptible varieties is the highest priority (Joshi et al. 2011; Singh et al. 2011) . Delivering durable resistance to pathogens and pests that rapidly evolve new pathotypes is a priority. In this context, it has been suggested that genes which confer resistance which is race non-specific and characterised by "slow rusting" expression in adult plants may provide durable control (Singh et al. 2011) . Beside the emergence of new races or pathotypes, new emerging diseases per se are a concern and should receive more attention under climate and global change scenarios. A recent example is wheat blast caused by Magnaporthe grisea. This is a new pathogen of wheat identified for the first time in Brazil in 1985. This disease is restricted to parts of South America and a recent epidemic in 2009 (causing yield losses of up to 100 % in Paraná, Brazil) has shown that it could become devastating in rainy years as resistance to the pathogen is extremely limited and fungicides are largely ineffective ). Concerns about food safety require attention to be given to Fusarium head blight (FHB) or scab caused principally by F. graminearum (Teleomorph: G. zeae) (Duveiller et al. 2007 ). The fungus produces DON or vomitoxin, a mycotoxin that can lead to significant price penalties, reduced trading value and rejection of wheat flour by millers if the level of contamination is above authorized limits. FHB reemerged as a major wheat disease in the 90s and receives a great deal of attention in China and high rainfall wheat growing areas. Development of resistance based on minor genes in high yielding broadly adapted germplasm is a primary objective.
Among foliar leaf pathogens affecting food security in developing countries, spot blotch caused by Cochliobolus sativus is of major importance in warm wheat growing areas of South Asia and in particular the eastern Gangetic plains where millions of resource-poor farmers grow wheat after rice and can face up to 15 % yield reduction (Duveiller and Sharma 2009 ). This chronic wheat disease is exacerbated by abiotic stresses and typically affects marginal farmers who are less able to sow crops in a timely manner or apply adequate level of fertilizer. While the areas for optimum wheat cultivation in South Asia are expected to decline in the future as a result of changing climate, yield losses to spot blotch are expected to increase. Tan spot is a stubble-borne disease caused by Pyrenophora tritci-repentis and can cause major yield losses in Australia. The severity is particularly high under zero tillage because the pathogen survives on residues; tan spot is likely to increase in severity in developing countries adopting conservation agriculture. More attention will be required to include genetic resistance to this disease and to develop cropping systems that minimize the survival of inoculum. Lastly, Septoria diseases caused by Mycosphaerella graminicola and Stagonospora nodorum may cause serious losses in countries where farmers have no access to fungicides, in particular in North Africa and Ethiopia (Duveiller et al. 2007 ).
Climate change is also expected to increase threats from insects and soilborne pathogens in areas already affected by drought, particularly in West Asia and North Africa (Duveiller et al. 2007 ). Table 9 summarizes biotic constraints of priority for wheat research according to major wheat growing regions based on NARS and CGIAR scientists' experience in recent decades and taking account of expected new trends under a changing climate (Legrève and Duveiller 2010) . Appropriate measures to limit the trans-boundary spread of pathogens and pests combined with investment in resistance breeding and adoption of sustainable cropping and integrated pest management systems are needed to mitigate the effects of biotic stresses on food security.
Abiotic constraints
The main detrimental effects of abiotic stress in wheat growing environments will be increased drought and heat stress. Wheat typically shows a linear reduction in yield with reduced water availability unless severe stress occurs at a critical growth stage or in combination with other stresses, in which case productivity may decline more drastically. Plants respond to water stress by lowering the rate of transpiration thereby reducing carbon fixation rate and growth. Extreme water deficit leads to tissue dehydration, potentially resulting in damage to the photosynthetic apparatus and other metabolic processes (Hsiao 2003) . Water deficit is especially detrimental to reproductive growth, leading to floret sterility and/or inadequate levels of assimilation to sustain seed growth (Barnabas et al. 2008 ) depending on the timing of the stress.
Supra-optimal temperatures accelerate growth and development rates, and in combination with a concomitant reduction in leaf area, also reduce carbon fixation and growth. For example, wheat loses 3-4 % of yield per°C above the optimum daytime temperature of 15°C (Wardlaw et al. 1989) . However, when sufficient water is available, plant organs may be several degrees lower than air temperature due to evaporative cooling. Nonetheless, plants functioning outside of optimal temperature ranges will experience metabolic inefficiencies (Burke et al. 1988 ) some of which may directly affect grain filling. Increased rates of dark respiration are a major source of lost crop productivity at high night temperature, and remain an important challenge to stabilize the productivity of wheat and other staple crops as the climate gets warmer (Mohammed and Tarpley 2009 ). Short-term extreme increases in temperature of 5 to 10°C can have catastrophic effects on yield especially when occurring at critical stages of development. This is not exclusive to cool season crops such as wheat but is also seen in heat adapted species such as rice (Wassmann et al. 2009 ) and will represent a unique challenge for crop improvement if the frequency of extreme climatic events increase as climate becomes more variable. Similar to the response to water deficit, high temperature stress can also lead directly to sterility by impairing meiosis, gametogenesis, and fertilization (Barnabas et al. 2008) . At suboptimal levels of soil fertility, heat and drought stress can also lead to or exacerbate nutrient deficiencies (Bagci et al. 2007) .
Another abiotic constraint for wheat production is salinity related to irrigation in the drier regions. This problem is expected to increase in intensity with increasing water shortages and scarcity. Climate change is expected to reduce water availability in general, making the use of unsustainable irrigation practices (including application of low quality water) more common, therefore increasing salinity problems (Bates et al. 2008) . Climate change may increase inundation events associated with runoff from heavy rains, while sea level rise will increase levels of salinity and inundation in coastal regions. It is clear that adaptation measures will require a combination of genetic and system-wide strategies to address the abiotic constraints related to drought, heat, salinity a Leaf rust is currently under genetic control in Asia and Africa, but without maintenance breeding it is a major threat b Ug99 is currently confined to Ethiopia, Kenya, Uganda, Sudan, Yemen, and Iran; but poses threats to global wheat production c FHS is expected to expand with conservation agriculture and maize-wheat rotation d Currently mainly important in Latin America and Central Asia, but will increase with expansion of zero-tillage e Historically important but effective and inexpensive seed treatments widely used f Only of local importance in Brazil, Paraguay, and Bolivia; however the fungus is the same species as rice blast and could potentially pose a threat to wheat production in warm areas of Asia where wheat-rice is grown; no resistance in wheat and limited tolerance g Includes sharp eye spot h Of local importance but currently not prioritized in CGIAR breeding programs due to resource limitations and other stresses caused by climate variability and change (see below).
Vulnerability to climate change
Although considered a temperate species, wheat is the most widely grown of any crop cultivated annually in environments ranging from very favourable in Western Europe to severely stressed in parts of Asia, Africa, and Australia (Braun et al. 2010) . Effects of climate change will therefore vary greatly depending on region. However, at a global level, Lobell et al. (2011) estimated that rising temperatures since 1980 have already lowered wheat yields by 5.5 % without considering the effect of increasing CO 2 levels (carbon fertilization) and by 2.5 % considering C-fertilization. Global warming is likely to increase productivity as well as open up new cropping opportunities at high latitudes in vast areas of Canada and Russia, for example. However, since wheat yields decline at supra-optimal temperatures (Wardlaw et al. 1989) significant breeding effort will be required to maintain productivity in regions closer to the equator. In particular, environments experiencing warm night temperatures with high relative humidity are conducive to accelerated dark respiration rates as well as foliar diseases which can devastate wheat yields. Nonetheless, wheat is relatively well adapted to water deficit, being grown widely in semi-arid regions such as Central Asia, Australia, and throughout the Mediterranean region. Therefore, in regions which become progressively more arid, wheat may become more competitive than some of the currently grown crops. This could include maize which is especially sensitive to drought at flowering, leading to abortion of female reproductive structures in favour of pollen dispersal (Edmeades et al. 2000) . There is also some evidence that increased CO 2 will partially offset the effects of higher temperature and drought on wheat yields (and other C3 crops) through CO 2 fertilization. These are benefits that are not realized in C4 crops such as maize or sorghum (Leakey et al. 2006) . Wheat in developing countries is expected to suffer most among major crops from rising temperatures (particularly night time temperatures) in low-latitude countries (Ortiz et al. 2008) . Climate change may affect wheat production through heat stress, elevated carbon dioxide concentration and more variable precipitation resulting in altered crop development and a need to change farming practices (such as different sowing dates or more irrigation). Farmers are likely to adjust areas sown with wheat as land becomes more or less suitable due to changes in biotic constraints. Temperature elevation will likely have effects on grain-filling leading to smaller grain size and lower quality (Hodson and White 2009; Lobell and Burke 2010) .
Indirect evidence of the potential to develop wheat genotypes that are adapted to climate change comes from the fact that breeding has already had considerable beneficial impacts in both marginal environments as well as temperate ones. For example, analysis of CIMMYT international nursery data shows clear and steady progress in the performance of both bread and durum wheat under drought stress (Ammar et al. 2008; Braun et al. 2010) . In addition, analysis of germplasm released by CIMMYT for hot, irrigated environments shows significant progress, with many of the lines that perform well at the hottest sites also expressing good yield potential under more temperate conditions (Lillemo et al. 2005) , an important consideration given typical year-to-year variation in temperature. Recent effort has focused on breeding for earlier maturing cultivars that escape terminal heat stress and encompass resistance to diseases associated with warm humid environments (Joshi et al. 2011) as well as the highly virulent stem rust strains of the Ug99 lineage.
Evidence of the adaptability of wheat to a broad range of environments is provided by both economic and physiological analyses. Between 1964 and 1979, around 25 % of global wheat production increase came from improved production in marginal environments while between 1979 and 1998 impacts in drought and heat affected environments showed annual yield gains of 2-3 % per year (Lantican et al. 2003) .
Projected impacts of climate change
About a decade ago, IFPRI estimated projected rates of yield growth at roughly 1.4-2.0 % for developing countries through to 2020; this was double those of Eastern Europe and high income countries (0.7-1.0 %). Much has changed since then. Lobell and Field (2007) used statistical methods to quantify the ex-post impact of climatic variability on crop production in the 1980s and 1990s. Their results implied that increased warming between 1981 and 2002 has resulted in an average global wheat yield decrease of 88 kg/ha although Hodson and White (2009) predicted that in certain regions, gains will result from the fertilization effects of carbon dioxide. Cool temperate wheat regions in the northern hemisphere may benefit. However, they conclude that gains in the aggregate mask other detrimental impacts for wheat producers in subtropical and tropical regions. For example, Ortiz et al. (2008) report that in a large proportion of areas of Eastern India that practice rice-wheat production, farmers already delay sowing of wheat to maximize profitability of the non-wheat cash crop; this means that the wheat crop is subject to sub-optimal, often hotter, temperatures.
More recently, Nelson et al. (2010) used process-based integrated models to quantity the potential biophysical and socioeconomic impact of climate change up to 2050.
9 Based on their analysis, wheat yields in developing countries are expected to decrease under climate change. Middle-income countries are predicted to experience a slightly greater decrease in rain-fed (5.3 to 5.6 %) compared to irrigated (4.8 to 5.3 %) wheat yields. On the other hand, low-income countries would experience a greater proportional decrease in irrigated (7.2 to 7.6 %) wheat yields compared to rain-fed systems (5.7 to 7.5 %). For developed countries the simulated yield changes range from 0 to 0.1 % increase for irrigated systems to losses of 7.4 to 8.9 % for rain-fed systems.
The declining yield levels resulting from climate change will also affect projected production levels by 7-8 % in both the developed regions and the developing regions. The findings from Nelson et al. (2010) imply that the negative effects of climate change on food productivity would decrease food availability and worsen human well-being; more specifically, by 2050, the number of malnourished children would increase by 8.5 to 10.3 % across all developing countries. The simulation results from Nelson et al. (2010) indicate relatively small changes in global land use due to climate change. A decrease of more than 1 million ha in cultivated crop area is predicted and most countries where decrease is likely to occur are in Asia, Europe, Northern America and Australia. The countries that will experience the highest increase in cultivated crop area are mainly in Africa and Latin America. The net effect of the scenarios on global land use is relatively small, although there is more dramatic variation in crop area changes by country. India and China are among those countries with a 9-10 % decline in crop area by 2050 relative to 2010, while Brazil and Nigeria have the greatest expansion; climate change reduces area in some cases and increases it to perfect mitigation in others. However, certain regions of the world (e.g. Khazakstan, Argentina, Angola and Mozambique) may still have potential for further expansion of wheat production into new regions, which will contribute to compensating any area losses from major producing regions in the tropics. These results are consistent with those from Mori et al. (2010) who predicted a substantial increase in cultivated land in Africa under global warming.
At the same time, demand for wheat in the developing world is projected to increase significantly. The rate of growth in demand for wheat is expected to move very close to growth in population but not as great as the demand for maize (because of biofuels and feed demand) and faster than the demand for rice (Dixon et al. 2009 ). One conclusion is clear from the projections of IFPRI and others: rates of yield growth of 1 % will not be sufficient to meet global demand in the future (Fischer et al. 2009 ). There is a need to maintain genetic productivity gains of around 0.8-1 % per year and add further gains from better agronomy and reduced crop losses through improved crop protection. This could lead up to 1.7 % annual yield growth for wheat to meet growing demand for food security. Trade flows are a potentially important mechanism of adjustment to climate change. Wheat exports from developed countries are expected to decline from 2010 to 2050, regardless of model assumptions (Nelson et al. 2010) . Despite rising global wheat trade, the US share of the world wheat market has eroded in the past two decades; the wheat area has contracted, domestic food use has dropped with changing consumer preferences, and in addition to the traditional global competitors (Canada, Argentina, Australia and the European Union), Ukraine and Russia have emerged as new competitors (USDA/ERS 2011).
Future technology options
The future technology options that are being developed by the International Maize and Wheat Improvement Centre (CIMMYT) and other international centres such as the International Centre of Agricultural Research for the Dry Areas (ICARDA) and national partners will aim to address the biotic and abiotic factors that limit the increase of sustainable productivity growth, especially under the threat of climate variability and change. This will include new varieties along with development of production systems that reduce risks and thereby enhance resilience and sustainability. This will include: conservation agriculture and agronomic practices that boost productivity, cut costs of production and improve resource-use efficiency.
Breeding for improved yield and reduced risks
In relation to biotic constraints, combating the most economically important rust diseases will continue to be the primary research priority in many regions. Genetic resistance, rather than fungicide use, has been, and will continue to be, the primary means of combating rust disease of wheat in developing countries. In developed countries, the demand by consumers for food produced without pesticide application will increase the need for disease resistant wheat varieties. Long-term international investments to develop and maintain a form of "durable" resistance based on multiple rather than single genes, 10 has been spearheaded in the developing world by CIMMYT and its research partners. Enhancement of crop productivity is often measured in terms of positive yield gains and benefits from maintenance of productivity are estimated in terms of the yield losses that would have occurred in the absence of research investment. One particular difficulty in gauging benefit derives from genetic variation in pathogen populations and the potential With regard to abiotic stresses, breeding work will remain focused on tackling the effects of drought and heat stress in relation to climate variability and change. One of the most effective strategies for adapting crops to heat and drought stress has been to select for changes in crop phenology so that critical growth stages do not coincide with stressful conditions, or the life cycle is completed before severe stress conditions occur (Ludlow and Muchow 1990) . There is still considerable potential to modify patterns of crop development (Slafer et al. 2009 ). Another approach is to minimize the occurrence of stress through development of varieties with deeper rooting potential that enables water to be accessed from greater depths (Lopes and Reynolds 2010 ) and permits transpiration rates that better match evaporative demand, thereby permitting maximal carbon fixation with the added benefit of cooler plants . In environments where 'extra' water is not available to mitigate stress, other adaptive strategies include a range of leaf canopy traits such as epicuticular wax, pigment composition, leaf angle and rolling. These traits can influence radiation load and photosynthetic response, while increased transpiration efficiency permits available water to be used more effectively (Richards 2006; Reynolds et al. 2010) .
Increased understanding of the genetic basis for adaptation to heat and drought stress (Pinto et al. 2010 ) will impact on breeding in two distinct ways; by increasing the efficiency of plant selection and by providing new opportunities for exploration of genetic resources (Reynolds et al. 2009 ). In this context, a significant advantage of wheat's hexaploid genome is that there is ample scope to broaden its adaptive potential by introducing genes from wild relatives through breeding (Trethowan and Mujeeb-Kazi 2008) . A particularly ambitious approach to increasing the genetic potential of wheat is to elevate its radiation use efficiency (Parry et al. 2011) . Among the strategies proposed are to genetically enhance the primary carbon fixing enzyme Rubisco and its regulation; if successful this would improve productivity of wheat in most agroecosytems including warmer, drier conditions.
In terms of approaches to adapting wheat to salinity or water-logging, genetic solutions are still mostly in the development stage (Mullan and Barrett-Lennard 2010) . However, there are engineering solutions to water logging and salinity, stresses which already constrain productivity on hundreds of millions of hectares worldwide (Bhutta and Smedema 2007) ; with adequate large scale investment these would be highly effective in offsetting wide-scale productivity losses.
Climate change will be especially detrimental to wheat production in cropping systems where soils have been degraded to a point where they no longer provide sufficient buffering capacity (e.g. adequate water holding capacity) against drought and heat stress. These effects will be most severe if irrigation water is not available to compensate for decreased rainfall or to mitigate the effects of higher temperature. These problems cannot be addressed by improving genetic adaptation to heat or drought stress alone. They will also require agronomic interventions, including the adoption of resource conserving technologies such as those which underpin conservation agriculture: reduced tillage, residue management, and diverse but productive rotations (Hobbs and Govaerts 2010) . As the effects of climate change intensify, policy decisions must recognize that benefits from investment in genetic technologies will not be fully realized unless crops are grown in well managed, stabilised soils that enable the genetic potential to be realised and buffer the crop against variable weather conditions.
Conservation agriculture
Long-term trials have demonstrated that modern wheat varieties do not achieve their potential without good agronomic management; wheat yields cannot be sustained with modern varieties alone. In recognition of this fact, conservation agriculture for raising productivity and resilience of farming systems is now a programme that complements the international wheat breeding effort to develop stress tolerant and high yielding varieties. Conservation agriculture follows principles to reduce tillage, retain crop residues, rotate crops, improve water use efficiency, and moderate damage from pests (Sayre and Govaerts 2009) . The importance of irrigated wheat in developing countries has led to a focus on suitable technologies for those systems, such as reduced tillage on the Indo-Gangetic Plains of India and Pakistan (most recently assessed by Erenstein 2009), and bed planting in the Yaqui Valley of Mexico (initially, assessed by Aquino 1998) .
Covering an estimated 14 million ha, the rice-wheat systems in the Indo-Gangetic Plains exemplified Asia's Green Revolution; today, they typify post-Green Revolution challenges related to resource degradation (Erenstein 2009 ). In the past decade, higher yields (5-7 %) and cost-savings (52 USD/ha, due to reduced tractor time and fuel) spurred rapid adoption of the zero-tillage drill, diffused by an active private Crops that feed the world 10. Wheat 309 for the emergence of new pathotypes that render ineffective forms of resistance that were previously effective (Marasas et al. 2004) . Existing estimates of the economic impact of breeding for durable resistance have been summarized by Dubin and Brennan (2010) . Direct estimates range from 0.9 to 2.5 US$ billion, and indirect estimates from 0.7 to 2.9 US $ billion, depending on the type of rust, the area affected and the time period studied. Dubin and Brennan (2010) report that, assuming a seven-year lag between investment and returns, the estimated total benefits of rust resistance are from US$ 0.4 to 2.0 billion per year, generating an internal return on investment of 26 to 46 % per year. Overall, they estimate that 60-120 million households and 117 million ha of wheat area had benefited from resistant varieties by 2006.
sector and public-private partnerships catalyzed by the RiceWheat Consortium. To date, zero-tillage drilling of wheat is the most successful resource-conserving technology on the Indo-Gangetic Plains, particularly in the northwest (Erenstein 2009 ). Direct seeding of wheat after rice can save the farmer up to 30 days preparative labour, also avoiding heat stress induced by climate change (Sayre and Govaerts 2009 ). Benefits of investments by the Rice-Wheat Consortium in zero or reduced tillage have been estimated at a net present value of 94 million USD, a benefit-cost ratio of 39, and an internal rate of return of 57 %. However, many farmers have difficulty following the wider tenets of conservation agriculture, so that environmental benefits are yet to be fully realized (or measured). The vast, apparently homogeneous, irrigated tracts of land conceal the heterogeneity of practices and performance among smallholders. The social and environmental impacts of these changes remain largely uncharted given the variation that exists in livelihoods strategies, the availability of income and assets, and the ability of less endowed farmers to adopt changes (Erenstein 2009 ). Water application methods in irrigated systems influence the water use efficiency of the wheat crop. Raised beds, initially tested and adopted from 1980 in the Yaqui Valley of Mexico, can create large savings in water use compared to irrigation on flat land. Wheat cultivars can be developed to exploit this effect (Trethowan et al. 2002) . Plants are grown on raised beds that are divided by furrows for irrigation, with no tillage, and crop residues are chopped and left on the surface. Planting wheat on beds not only reduces water use, but also enables improved weed control, and leads to more efficient use of fertilizers, herbicides and seed. Beds can be re-used. Given the large contribution of inputs to crop production costs, these practices have resulted in significantly improved profits, particularly on clay soils (Aquino 1998) .
Technology targeting and adoption
Modern wheat varieties were adopted more rapidly than any other technological innovation in the history of agriculture (Dalrymple 1986 ). In 1970, modern varieties of wheat covered only 5 % of the wheat area in Sub-Saharan Africa and West Asia/North Africa; 42 % in Asia (excluding China); and 11 % in Latin America. This represented about 20 % in the developing world. By 1990, modern varieties were sown on 70 % of the wheat area in the developing world (Byerlee 1996) , and by 1997, they represented 89 % (Heisey et al. 2002) . Lantican et al. (2005) estimated that nearly 90 % of the developing world's wheat area was planted to modern varieties in 2002. This included semi-dwarf and improved, tall varieties of bread wheat and durum wheat. Adoption rates were highest for spring bread wheat, followed by spring durum, and winter and facultative wheat.
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Continued replacement of wheat varieties with new releases is important for sustaining increases in yield. Byerlee (1996) distinguished between the "revolutionary" adoption of modern varieties for the first time, and the "evolutionary" replacement of older improved varieties with newer releases. The latter is particularly significant, because it serves to maintain and protect yield advantages as biotic and abiotic pressures shift. By 1990, Byerlee and Traxler (1995) estimated that more than two-thirds of the benefits from research on spring bread wheat were generated in the postGreen Revolution areas where farmers replaced older with newer modern varieties, as compared to one-third in areas where farmers adopted modern varieties for the first time. Slow variety change, expressed by the area-weighted average age of varieties in farmers' fields, dampened wheat productivity in the Indian Punjab during the post-Green Revolution period, offsetting the positive gains of diversifying the genetic base in wheat breeding (Smale et al. 2008) .
The already high adoption rate of improved cultivars also means that yield gains are more difficult to obtain than during the early days of the Green Revolution, when unimproved varieties were replaced with the high yielding Mexican semi-dwarfs, increasing yields three to four fold. For the coming decades, such spectacular gains are unlikely unless breeders are able to modify the plant (as pointed out in Section "Future technology options") so as to attain increased photosynthetic efficiency, reduced photorespiration and enhanced yield components.
The Green Revolution transformed wheat production in the benefiting areas, improved national and household food security and significantly reduced rural poverty (Fan and Hazell 2001; Evenson and Rosegrant 2003; Renkow and Byerlee 2010) . However, several criticisms of the Green Revolution have endured because they continue to be important. One of the longstanding criticisms of wheat research concerns a historical bias toward well-watered, high-input farming systems as compared to wheat grown in more drought-prone and less-watered or low potential rainfed areas, which also suffer from limited market 11 Classifying wheat is not as straightforward as it may seem. Farmers call the crop 'winter wheat' when it is sown before winter and 'spring wheat' when it is sown in the spring. Winter wheat carries vernalization genes, usually vrn1 in combination with other vernalization genes. Vernalization is a temperature control mechanism in plants that ensures that plants do not enter the reproductive stages before winter. Exposure to prolonged cold winter temperature triggers flowering in the spring. Winter wheat will therefore not flower and produce grain if grown in areas where temperature is constantly high. Spring wheats require little or no vernalization prior to flowering. Facultative wheats, compared to true winter wheats, have in general less cold tolerance, a shorter but distinct period required for vernalization, start growth in spring earlier and flower earlier (Braun 1997). infrastructure and institutional development. The economic principles that research dollars are best invested where they have the highest benefit-cost ratio was qualified with concerns over equity. The argument that other investments, such as infrastructure, might more effectively reduce poverty in less favoured areas than agricultural research (Renkow 2000) was countered by empirical evidence that marginal returns to investment eventually decreased in higher potential areas and the poverty elasticity of investments in agricultural research was greater in less favoured areas of India and China (Fan and Hazell 2001) . Some research demonstrated no investment bias toward favoured areas (Byerlee and Morris 1993) while other research identified a bias that was justifiable on both income and equity grounds (Renkow 1993) . Dixon et al. (2006) pointed out that while the largest share of benefits derived from wheat breeding from 1960 to 1990 accrued to farmers in irrigated areas, roughly one half of the world's population that is living in poverty is located in the irrigated areas of South Asia.
More recently, based on their analysis of IMF data for 44 developing countries over the preceding two decades, Fan et al. (2008) found that: a) total agricultural expenditure had a significant effect on agricultural GDP and b) investment in agricultural research had a much larger output-promoting effect than other forms of public spending. In four distinct contexts (China,India, Thailand and Uganda) and in all cases, investment in agricultural research generated the largest or second largest impact on poverty reduction.
Whether or not there was a bias in research investment, there have clearly been disparities among regions with respect to adoption. However, some estimates suggest that growth rates in yield have been faster over some periods in drier or more heat-stressed environments than in irrigated and rain-fed production systems (Dixon et al. 2006; Heisey et al. 2002) . Lantican et al. (2003) concluded that initial gains came from crossover of varieties from favourable environments, but targeted breeding efforts contributed significantly to more recent productivity growth in marginal environments, estimated to be twice that experienced in favourable environments from 1979. Yield variability in marginal environments also declined appreciably.
In a recent assessment of this literature and arguments on the impacts of the Green Revolution on poverty, Hazell (2010) concluded that the Green Revolution had powerful economywide and regional impacts through lower food prices for workers and demand for goods and services both inside and outside agriculture. Although benefits were predominately rural, poor urban dwellers also benefited. Initial studies showed that largeholder farmers benefited more than smallholders, but later studies disputed this point, and metaanalyses are inconclusive with respect to impacts on inequality. Asia's poorer regions benefited, if at all, through migration. Econometric analyses demonstrated that overall productivity growth had a significant negative effect on poverty rates in India and Asia, and that this effect was substantially greater in the longer run through the indirect effects of lower food prices and higher wages. Note, however, that while rural development indicators in some parts of the IndoGangetic plains of India compare well with middle income countries, large tracts remain "mired in poverty," such as the Eastern plains, where more than two-thirds of 500 million people live on less than 2 USD a day (Erenstein 2009 ).
While the Green Revolution "saved" large areas of forest and woodlands from conversion to agriculture through improving crop productivity, it also generated environmental problems (Hazell 2010) . In their comprehensive analysis of wheat yield in Pakistan's Punjab, Byerlee and Siddiq (1994) found that the positive effects on wheat yields of the postGreen Revolution period were offset by environmental problems related to greater cropping intensity, poorer groundwater quality, low fertilizer use efficiency, and losses from weeds and disease. A more in-depth analysis conducted by Ali and Byerlee (2001) confirmed that soil and water degradation had lowered annual productivity growth by 0.22 % in irrigated Punjab, suggesting that other factors such as pest complexes accounted for a further reduction of 0.31 %. There has also been growing evidence of saline and waterlogged soils in irrigated areas, falling water tables and a scarcity of fresh water (Byerlee 1996; Pingali and Rosegrant 2001; Shiferaw et al. 2008) . Dixon et al. (2006) provided a concise summary of some of the evidence regarding the determinants of adoption of improved wheat varieties, based largely on CIMMYT's research. First, they pointed out that countries in the developed world reach full adoption of a new variety several times more quickly than countries in the developing world. Slower diffusion among farmers in the developing regions reflects the fact that seed, other inputs, and product markets do not function as well, and price policies may not be as conducive, in developing as in developed countries. Thus, market performance and pricing schemes shape diffusion patterns for new wheat varieties.
Field-based studies have long focused on farmer characteristics as key determinants of adoption, as in the initial Green Revolution. Improved seed spread from farmer to farmer and was supported by solid government investments in market infrastructure. Over time, emphasis in adoption studies has shifted from the importance of farmer attitudes, risk perceptions, and formal education, to emphasis on farmer capital endowments. Access to land, labour, farm and household assets often explains creditworthiness, extension contacts, and capacity to bear risk. Access to social capital, and the extent and strength of participation in formal and informal groups and networks may substitute for or bolster the assets of individual farm households. These, in turn, figure heavily in information flows about new seed and practices, and how to use them. Differences in access to various types of capital also explain why new seed, a theoretically "scale-neutral" technology, is generally adopted first on larger farmers (see the much cited reviews by Feder et al. 1985; Feder and Umali 1993) .
In addition to market and farmer characteristics, end-use and variety traits (such as fodder, bread-making quality) are often significant, especially in countries where wheat enjoys cultural centrality, as in North Africa, West Asia, and Ethiopia.
There are important differences between farmer decisions to invest in new varieties in comparison with new agronomic practices such as natural resource management which involves a change in labour requirements. There are also differences in the timing of costs and benefit streams as well as the composition of the benefits. Typically, improved agronomic practices have a much greater immediate impact on productivity when combined with the appropriate variety, and vice versa. However, most empirical research has demonstrated that when they are not themselves part of a particular promotion programme, farmers adopt new techniques in a stepwise fashion rather than as a package (Byerlee and de Polanco 1896; Shiferaw and Okello 2011) . Usually, a greater share of the additional costs of improved agronomic practices involves the opportunity costs of labour, which varies over the cropping season and among farmers. A relatively larger proportion of the benefits of adopting such practices may emerge over time as soils and the cropping environment improve. Adoption of natural resource management practices often have positive impacts, not just for the farmer but also generates positive externalities for the community as a whole (Shiferaw et al. 2008 ). There are differences among techniques and among crop varieties which means that economic analyses must be conducted on a case-by-case basis.
Conclusions
Wheat is one of the key staple crops for global food security, providing more than 35 % of the cereal calorie intake in the developing world, 74 % in the developed world and 41 % globally from direct consumption. It also contributes about one-fifth of the total calories and proteins of the total daily dietary intake. In addition to its use as food (70 %), about 20 % of the total demand is used as feed for livestock while 2-3 % is used in industrial processing. Past research investments and productivity growth in wheat have played a central role in averting major famines in the developing world. The Green Revolution during the past half century dramatically transformed world wheat production, and consumers benefited from historically low food prices. Unfortunately, this success contributed to the complacency of policymakers and donors. Since the publication of the World Development Report in 2008, and the global food price crisis that ensued, policymakers have once again recognized that agricultural development is a "tried and true" strategy for poverty reduction. However, we also know that the transformation of the Green Revolution, like any agricultural change, was both incomplete and transient.
Another dramatic boost in wheat productivity on farms will be needed to meet the combined challenges of stagnating global yields, expanding consumer demand accompanied by higher, more volatile food prices, and the anticipated adverse impact of climate change. Yield gains will need to be achieved against a background of dwindling land and water resources. This can only be accomplished through investing in research that renews and fortifies the resistance of wheat to key pests and diseases, enhances its adaptation to warmer climates, and makes efficient use of water, fertilizer, labour, and fuel. As the incidence of drought increases and water available for irrigation becomes scarcer, wheat will be grown more often under rain-fed conditions. The world's primary regions for wheat production will shift, escalating risks to small-scale producers and exposing consumers in poor countries to extreme price fluctuations. Wheat farming systems in South Asia are projected to suffer most from heat stress and water scarcity due to climate change. The Indo-Gangetic Plains (IGPs) currently represents part of the favourable, high potential, irrigated, low rainfall mega-environment but as much as 51 % of this area may be reclassified by 2050 as a heat-stressed, irrigated, short-season production mega-environment.
Deepening our understanding of vulnerabilities and promoting effective mechanisms for adaptation to and mitigation of climate change impacts also implies the need for new social, economic, and policy research for institutional innovation. Although the products of the Green Revolution gradually spread into more marginal zones for wheat production, and some areas have benefited from drought-and heat-tolerant varieties, adoption of new technologies in these areas has generally lagged behind that of more favoured areas. Areas that are marginal for agricultural production are also often neglected in terms of physical infrastructure, market, financial and social services. In other words, they are often lower on the policy agenda. This is a situation that will need to be rectified. Price increases impose great hardship on the poor, as the food price surge of 2008 made abundantly clear. To avoid recurring and increasingly intense food crises, wheat yields will have to increase at an annual rate of close to twice the current rate. As an added challenge, low commodity prices are not attractive to farmers; hence, both wheat production efficiency and productivity need to increase, to balance the needs of consumers and farmers.
The future of global food security in wheat depends on new varieties and management practices to meet the demand from differentiated value chains, address the projected negative impacts of climate change, and reverse the stagnating productivity trends in the post-Green Revolution areas. While several rainfed areas also benefited from semi-dwarf varieties, technology adoption in the rain-fed and riskier growing regions has generally been slow and has lagged behind other areas. Better institutional innovations and policy options are needed for replacing outdated varieties with modern cultivars and stimulating farmer investments in sustainable crop, soil and water management. Achieving the productivity increases needed to ensure regional and global food security will require more than a repeat performance of the Green Revolution, because conditions have changed since the 1960s. The diffusion of new stress-tolerant and high-yielding varieties particularly needs to go hand in hand with sustainable crop and natural resource management practices to prevent worsening water scarcity and soil degradation, which keep farmers from realizing the benefits of new technologies and thus reduce incentives to adopt them. The enduring lessons from adaptation of integrated innovations for cereal systems in South Asia and other regions will provide useful insights for sustainable productivity growth in wheat for the future.
The demand for wheat in the developing world is projected to increase significantly in the coming decades. Meeting this demand will require concerted efforts in research and innovation to develop and deploy solutions to existing and emerging challenges. Substantive investment will be required to realize such a strategy, through strategic alliances with institutions worldwide that share a common vision. The enormity of the challenges calls for an intensified and coordinated effort of both public and private partners in the developing and developed world. Such an effort is in line with other calls for coordinated international action on global food security threats, such as the Millennium Development Goal initiatives and the L'Aquila Joint Statement by leaders of the world's largest economies in July 2009. As a response to the growing needs to enhance wheat productivity, the collaborative global research program on wheat was recently prepared by CIMMYT and ICARDA. This was done in consultation with national and international agricultural research institutions, universities as well as private sector, non-governmental and farmer organisations. The programme describes a strategy for wheat improvement to contribute to improved food security and the livelihoods of the resource-poor in the developing world. The financial investments required are small relative to total global development assistance or the expected global costs of addressing climate change; but potential returns are high. A successful programme will make a significant contribution to achieving global food security and enable millions of pre-commercial farmers and smallholder producers to become market participants.
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